This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of the resulting proof before it is published in its final form. Please note that during the production process errors may be discovered which could affect the content, and all legal disclaimers that apply to the journal pertain. There is an immediate quest to find suitable diamond surfaces for NV sensors. In this work, the surface terminators of (113) diamond to host shallow NV centers are studied by means of first principles calculations. Results indicate that complete oxygen termination of (113) diamond creates positive electron affinity with neither strain on the surface nor in-gap levels. This is a very surprising result as the commonly employed oxygenated (001) diamond surface is often defective due to the disorder created by the strain of ether groups at the surface that seriously undermine the coherence properties of the shallow NV centers. The special atomic configurations on (113) diamond surface are favorable for oxygen bonding, in contrast to (001) and (111) 
KEYWORDS: nitrogen vacancy center, (113) diamond surface, surface termination, quantum sensor, first-principles calculation ABSTRACT: Shallow nitrogen-vacancy (NV) center in diamond is promising in quantum sensing applications however its sensitivity has been limited by surface terminators and defects.
There is an immediate quest to find suitable diamond surfaces for NV sensors. In this work, the surface terminators of (113) diamond to host shallow NV centers are studied by means of first principles calculations. Results indicate that complete oxygen termination of (113) diamond creates positive electron affinity with neither strain on the surface nor in-gap levels. This is a very surprising result as the commonly employed oxygenated (001) diamond surface is often defective due to the disorder created by the strain of ether groups at the surface that seriously undermine the coherence properties of the shallow NV centers. The special atomic configurations on (113) diamond surface are favorable for oxygen bonding, in contrast to (001) and (111) diamond surfaces. These simulations imply that oxygenated diamond (113) surface can be produced by conventional diamond chemical vapor deposition growth. Combining this with the ~73% preferential alignment of as-grown NV centers in (113) oriented diamond, oxygenated (113) diamond is presently supposed to be the most prospective host for NV quantum sensors.
INTRODUCTION
Negatively charged nitrogen-vacancy defect, i.e., the nitrogen-vacancy center (NV), in diamond has triggered a lot of interests and attention in quantum information processing, 1-5 plasmonics [6] [7] and nanosensing applications. [8] [9] [10] [11] [12] The NV center contains one substitutional nitrogen atom adjacent to a vacancy, as shown in Figure 1a . Its negative charge state has a high-spin S=1
ground state with an extra electron coming from the diamond environment. The NV center has a preferential symmetry axis along <111> directions. It has an optically allowed triplet excited state with intermediate dark singlet states that play a role in the spin-selective non-radiative decay from the triplet excited state toward the triplet ground state. Its optical transient dipole moment is oriented along the symmetry axis. The robust spin-selective non-radiative decay in NV center can be harnessed to carry out optically detected magnetic resonance (ODMR) at single defect level at room temperature. 13 Through the coherent manipulation of the electron spin, NV center can be employed as nanoscale sensors for magnetic 11 and electric field detection, 9 ultrasensitive thermometer in living environment, 10 and fluorescent biomarkers. 14 These diverse utilities rely on the electron spin state of the NV center which is very sensitive to the ambient condition.
As the optical transition dipole moment of the NV center is defined by its symmetry axis along <111> directions in the diamond lattice, as a consequence, the most commonly grown (001) diamond has deficient photon collection efficiency. [15] [16] Highly perfect NV center alignment on (111)-grown chemical vapor deposited (CVD) diamond layers have been demonstrated with significantly improved photon collection efficiency. [17] [18] [19] Recently, high-quality (111) diamond surfaces were sufficiently grown under optimized pressure and temperature conditions. 20 The main issue for (111) diamond surface is the significant uptake of residual or intentional impurities. [21] [22] Moreover, strains developed on (111) layer which provide ODMR line broadening and low T 2 time further impose restrictions on (111) diamond for NV center application, [23] [24] thus an alternative solution would substantially accelerate the development of NV sensors.
Recent reports showed that (113) diamond surface could be a potential substrate to produce NV center. [25] [26] [27] [28] [29] The (113) surface can be successfully synthesized through laser cutting and polishing a standard (001) surface with a 29.5° angle towards <111> direction. Previous theoretical calculation confirms the 2×1 reconstructed (113) surface is more energetically favorable than (001) 2×1 surface. 30 Further experiment indicates that similar to silicon (113) surface 31-32 the stability of the (113)-grown CVD diamond can be possibly attributed to the fact that reconstruction occurs on the (113) surface under hydrogen plasma environment which decrease the surface energy. 27 Observations confirm that (113)-grown layers exhibit smooth surface without evident epitaxial features or twins, and photoluminescence (PL) images show limited blue fluorescence indicating that the residual stress remains low. 27 Even high growth rates could produce high quality (113) CVD layers in standard growth conditions with limited number of defects and impurities. Higher partial preferential orientation (73%) of NV centers can be obtained compared with (001) surface with similar coherence times. Therefore, due to the above features, the (113) diamond surface appears as a promising alternative leading to improved NV center fabrication and utilization, 27 which seems to be a good compromise between the readily grown but non-optimal, (001) diamond and ideally oriented although presently technologically not mature (111) diamond.
Beside the photon collection efficiency, the diamond surface should also be suitable for NV quantum sensing because NV centers are implanted within only a few nanometers in depth in order to enhance the spatial range of the sensor for external spins. 33 We call these shallow implanted NV centers briefly "shallow NV centers". The external spins are the objects on top of the diamond surface but the diamond surface itself might also influence the properties of the NV sensor. For instance, the shallow NV centers in the (001) diamond, that is hydrogen terminated after CVD growth, suffer from various problems: it could rapidly convert to neutral state resulting in permanent quenching or temporarily bleaching. 34 It is known for (001) diamond that hydrogen termination leads to a negative electron affinity (NEA) and induces image states at the surface, thus shallow NV centers lose their extra electron and become neutral, [34] [35] [36] and surface band bending occurs due to the interaction of this surface with the absorbed water. [37] [38] This holds for (111) diamond surface too. Oxygenation of these surfaces converts NEA to large positive electron affinity (PEA) and removes the surface band bending effect. As a consequence, the charge state of shallow NV centers can be preserved in oxygenated (001) and (111) diamonds.
However, oxygenated (001) and (111) diamond surfaces induce deep sub-band surface states that shorten the spin coherence time 39 which is detrimental for NV sensing applications. 34, [40] [41] Alternatively, through selective Ag + -catalyzed radical substitution of surface carboxyls for fluorine, recent fluorination of nanodiamond could produce a highly hydrophilic interface without etch diamond carbons. 42 However, fluorine is not a bioinert material which would limit the applicability of the diamond NV sensors, thus alternative solutions are needed for bionanosensors. In addition, it brings nuclear spins to the surface that is advantageous for quantum simulations 4 but could be disadvantageous for quantum sensing because it creates an additional noise. It has been recently demonstrated that nitrogenated (001) diamond can be formed in the CVD growth, 43 and accurate theory has shown that this surface possesses PEA and basically no electrical or optical activity 43 that was recently confirmed on direct measurement of the coherence times of shallow NV centers. 44 Furthermore, theory also predicted that nitrogen terminated (111) diamond can be formed by CVD with similar favorable properties like for nitrogen terminated (001) diamond. 36 According to this summary, the surface termination remarkably influence the properties of the NV sensors, thus deep understanding of the surface terminations is of vital importance to maintain the negative charge state, photostability and coherence time of the NV centers which govern their sensitivity. The effect of surface terminators on (113) diamond on NV properties
has not yet been explored, despite the fact, that it is an attractive alternative for realization of NV quantum sensors.
In this work, we employed the first-principles calculations to investigate the geometric and electronic structures of (113) 
COMPUTATIONAL METHODS
First-principles calculations are performed within the Vienna ab initio simulation package (VASP) [45] [46] based on density functional theory (DFT) with the projector augmented wave (PAW) method. [47] [48] To describe the exchange and correlation interaction, the Perdew-BurkeErnzerhof (PBE) functional under the generalized gradient approximation (GGA) interaction is used. 49 To get reliable parameters for the surface calculation, we first optimized the primitive diamond bulk. The equilibrium lattice constant of diamond is 3.57 Å under PBE functional. experimental data. The geometry structures were optimized until all the force components were smaller than 0.01 eV/Å while the convergence threshold for total energy was set to 10 −5 eV.
RESULTS AND DISCUSSIONS
Before studying the influence of the surface terminators, it is necessary to briefly discuss the structure of the (113) Figure 1c and d, respectively. After surface reconstruction, the outmost carbon atoms bond with each other, forming tetramer configuration with one carbon dimer, and leaving one dangling bond per atom. The C-C distance of the dimer is 1.53 Å, and the bond length between the higher and lower lying carbon atoms is 1.37 Å. This tetramer reconstruction has been theoretically confirmed to be the most stable reconstruction since a strong strain in the subsurface layers caused by non-optimal bonding of atoms and the asymmetric reconstructions are forbidden. 30 In the following sections, we investigate different terminators that saturate the surface dangling bonds in this tetramer reconstruction model. 
N3-termination, (h) N4-termination. The white, green, red, blue, and grey balls represent hydrogen, fluorine, oxygen, nitrogen, and carbon atoms, respectively.
The optimized geometries with different surface terminators are plotted in Figure 2 , including H-, F-, O-, OH-, and N-termination. Especially for N-termination, different nitrogen coverage conditions from 1/4 ML to 1ML are considered. These surface termination models are ideal in the sense that they are atomically smooth without any dangling bonds left. The calculated bond lengths near the surface are presented in Figure 2 and are very close to those on (001) diamond surface. 34, 40 Compared to the pristine (113) surface, the original 1.37 Å C-C bonds between the higher and lower carbon atom are stretched to roughly 1.50 Å. For H-and F-termination, four outmost carbon atoms in a 2×1 unit cell would bond with four hydrogen or fluorine atoms, respectively. The relaxed bond length of the higher-lying carbon dimer is 1.63 Å which shows that the H-and F-terminators stretch the dimer outward.
For O-termination, several possible configurations are calculated in order to find the most stable one. To saturate the four dangling bonds two oxygen atoms were bonded to the pristine (113) surface as demonstrated in Fig. 2 (c). We found that the ether-like (C-O-C bridge) structure has the lowest energy in which one oxygen atom resides in the bridge between the higher-lying and lower-lying carbon atoms. The C-C distance between the higher-lying and lower-lying carbon atoms is reduced to 1.49 Å due to the "drag" effect of the oxygen atom. Next, the hydroxyl group brings an half spin to the system, therefore similar to hydrogen and fluorine terminations, each 2×1 supercell contain four hydroxyl groups to form a stable closed-shell singlet ground state. We note that the lower energy structure is the one with antiparallel hydroxyl group arrangement, which means the O-H bonds point to opposite directions, rather than parallel configuration which the O-H bonds point to same directions, shown as the top view in Fig. 2(d) . 54 The O-H bond formed above the C-C higher-lying dimer is 1.72 Å while it is 1.68 Å at C-C lower-lying dimer.
Let us turn to the N-termination cases. As shown in Fig. 2 (e)-(h), we consider different nitrogen coverage conditions using one, two, three, and four nitrogen atoms to replace the outmost carbon atoms, respectively. Furthermore, the remaining carbon atoms on surface without nitrogen substitution are saturated by hydrogen atoms. 43 As expected the nitrogen substitution does not induce significant geometric change. The distance between nitrogen atom and the neighbor carbon atoms is 1.50 Å.
The HSE06 band structure and electron affinity are shown in Figure 3 and Figure S1 , respectively. In these band structures, the surface atoms are defined as the terminators and the outmost bilayer carbon atoms. The electron affinity χ is defined as the difference between the vacuum level E vac and the bulk-state conduction band minimum (CBM). In (113)-2×1 Hterminated diamond surface, we find that the H atom could induce deep sub-bandgap states that are surface-related delocalized image states confined above the surface. These image states are also known as Rydberg-states as discussed by Mülliken. 55 Generally the antibonding combinations of the covalent bonds constitute the lowest-energy unoccupied molecular orbitals.
However, by increasing the bonding-antibonding energy splitting, high-quantum-number atomiclike state can appear as the lowest-energy unoccupied state of the molecule. This H induced delocalized states also occurred in (001) and (111) diamond surface. 34 H-terminated (113) surface possesses NEA of χ = −1.80 eV. Consequently, the photoexcited electron would occupy these surface unoccupied band and finally get emitted due to the NEA as these surface bands are mixed with the empty in-gap level of NV center. 34 This results in temporary or permanent loss of the excited electron leading to fluorescence intermittency. Thus similar to (001) and (111) Hterminated diamond surface, the H-terminated (113) diamond surface is deficient and detrimental for NV quantum sensors. (001) surface. 56 Our result shows that for (113) diamond surface the fluorine atoms do not introduce surfacerelated localized acceptor states below CBM. Thus the fluorescence intermittency or bleaching could be avoided in the photoexcitation process. Using XeF 2 precursor for fluorination could avoid the formation of thick Teflon layers on the surface and produce smooth surface. 56 As a consequence, (113) surface with F-termination can be a good host for NV quantum sensor, although, with limited applicability in biological investigations, and the fluorine nuclear spin noise could limit the sensitivity on 1 H hydrogen nuclear spins.
Oxygenation is a popular treatment for diamond surface saturation which always yields large PEA and prevents charge conversion of shallow NV centers. Report on (001) surface shows that oxygenation has PEA of +2.4 eV and would introduce deep sub-bandgap occupied bands above the VBM. 34 Additionally, sub-bandgap unoccupied bands also appear below CBM. Previous studies indicate that it is not likely to fully achieve ether-like O-termination, 57 and long-time oxidation would induce surface roughness 35 . Likewise, O-termination of the (111) diamond surface is not a suitable substrate for NV center because of its remarkable reconstructed surface morphology and high chemical activity. 58 However, our results show that these phenomena do not appear in (113) surface. No surface-related bands appear above VBM and the intrusion of empty bands below CBM is small. It has a strikingly favorable PEA of +2.18 eV. These differences may be attributed to the natural conformation of the ether-like bridges at the (113) diamond structures. The stressed bonding configuration of the carbon atom on (001) surface is avoided due to the elimination of continuous chain of C-O-C bridges. 34 The C-O bonds preserve the sp 3 bonding character of carbon atom without significant distortion. Since the surface bands reside very close to CBM, the NV center's levels do not interact with these bands. Therefore, Otermination of (113) diamond surface will not influence the single photon absorption in the photoexcitation process of NV center, and direct photoionization does not occur.
Next, we studied other oxygen terminations. OH-termination still provides a slight NEA, χ = −0.06 eV, and the image bands appear at 4.81 eV above VBM. Again the defect states of NV center will mix with these image states that cause permanent loss of luminescence after single photon absorption. Hence the fully hydroxyl (113) surface diamond is not suitable for NV quantum sensor.
Finally, we discuss nitrogen termination. High-quality N-terminated diamond (001) surface can be synthesized by indirect radio frequency N 2 plasma process. 43 The predominant component contains substitutional nitrogen and C-H configuration at the surface. Theoretical calculation has already been carried out on (111) diamond surface: N-terminated diamond (111) surface manifests surface electron spin noise free properties which is ideal host for NV centre for quantum simulation of exotic quantum phases and quantum sensing. 36 Nitrogen terminated diamond surface exhibits PEA. These results motivated us to examine nitrogenated (113) surfaces for hosting NV quantum sensors. As shown in Figure 3 , single nitrogen substitution (N1) yields unoccupied image bands below CBM due to the C-H bonds. These bands lie at 4.25 eV above VBM. This value is much higher than that in H-termination and lower than that in OHtermination. This N1 configuration yields −0.62 eV NEA and direct photoionization of NV center would occur, therefore N1 configuration is not a good host for NV sensor. NEA surface will convert to PEA surface when the nitrogen coverage reaches 0. During the CVD growth of high-quality diamond, it is advantageous to use a high-density plasma at few hundreds of pressures with H 2 /CH 4 gas mixture and extremely high temperature. , which forms a ring-like structure, known as epoxide in chemistry. This ring-like structure is presumed to be a relatively reactive functional group due to the structural stress. In organic molecules, the epoxide ring can react with water molecule in presence of acid or base catalyst and then the ring opens. 64 However, previous experimental and theoretical works indicated the stable product of epoxide group existing on solid surface, e.g. diamond/water interface 65 , diamond (100) 57, [66] [67] , quartz crystal 68 , Si(111) 69 , and graphene 70 . Thus, we calculated the reaction energy barriers of water opening epoxide ring procedure and the barriers are in the range of 0.9~1.0 eV, as shown in Fig. S6-S8 . The existing methods for epoxidation include ultraviolet radiation, [71] [72] electron beam irradiation, 73 and especially high temperature plasma treatment, 57 organic dioxiranes, 66 and ozonolysis of diamond. 67 Hence the epoxide surface with careful treatment may thermodynamically stable and it can be expected to form on (113) diamond surface. Our results indicate the oxygenated (113) diamond surface would potentially be applied on NV quantum sensing; further experimental and theoretical efforts for surface functionalization of diamond are needed towards this direction.
Next, we further investigate the photon collection efficiency of (113) diamond surface since it can lead more reliable and sensitive sensors. Figure S9 demonstrates the structural details of the four possible NV defect orientations of (001), (011), (111), (112), and (113) five common facets of CVD diamonds, and the angles are summarized in Table 1 . In (001) surface, α = 54.8° for the four orientations. Experimental result revealed that the photon collection was low with such a large angle of 54.8 degrees between the NV centers' symmetry axis and the normal vector of the (100) diamond surface. 15, 17 For (111) surface, zero degree angle between the NV center's symmetry axis and the normal vector of the diamond (111) surface lead to maximum photon collection efficiency from NV centers 17, 19, 74 , where ~ 100% preferential orientation of NV centers can be achieved for NV centers grown into diamond during well-controlled CVD process.
Consequently, for diamond (112) and (113) higher-index surfaces, 29 which possess 19.5° and 29.5° angles w.r.t. <111> axis, a higher photon collection efficiency than that for (001) surface can be expected. We note here that previous reports indicate that the NV defect prefers to grow along the growth direction. 15, 27 Therefore we speculate that the (112) and (113) diamond surfaces may achieve better alignment than (001) surface due to the smaller angles. This good alignment can further favor this host for NV sensing applications. In particular, the preferential alignment of NV centers can be very important in magnetic field camera and related sensor applications, where homogeneous electron spin resonance signals can be observed from ensemble of NV centers. We also list the CVD growth rate of these five common diamond surfaces in Table 1 . The (113) diamond surface can achieve higher growth rate than (011) and (111) surfaces which is favorable for fabricating NV center. The ease of growth and processing on (113) diamond surface provide an effective and economical choice to fabricate NV center for sensing application. 
CONCLUSIONS
In summary, the effects of H, O, OH, O/H/OH mixed, F, and N terminators of (113) Our results also reveal that fully oxygenated diamond (113) surfaces are not required and mixed H/O/OH terminators are also potential candidates, which may be created during the early stage of thermal oxidation. Because of these impressive advantages, the oxygenated (113) diamond surface, as a technologically mature material, is a very prospective host for NV quantum sensing applications.
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Stability of O-terminated (113)-2×1 surface
The formation energies of O-terminated non-reconstructed and reconstructed (113) surface are calculated by using two-side surface model in 2×1 unit cell. To saturate all the dangling bonds, there are three oxygen atoms on non-reconstructed and two oxygen atoms on reconstructed surfaces. The possible configurations and their energy difference are shown in Figure S3 that the most stable configurations are set as the reference points. The formation energy in zero temperature is calculated by [1] [2] :
/
The Etot represents the total energy of reconstructed or non-reconstructed structures. The N(O), N(C), and Ntot represent the number of oxygen atoms, the number of carbon atoms, and total number of atoms, respectively. The number of oxygen atoms is four and six for reconstruction and non-reconstruction surfaces, respectively. The E(O) is half of the energy of one oxygen molecule and E(C) is the energy per atom of diamond bulk. Table S1 . The formation energy difference per atom is ∆Eformation. To ensure the convergence of the calculations, we enlarge the thickness of models from 13 bilayers to 37 bilayers. For the two most stable reconstructed and non-reconstructed structures, the Gibbs free energies as a function of μ(O) are plotted in Figure S4 
Chemical Stability of O-terminated (113)-2×1 surface
Because limited published literatures on oxidized diamond surface, we tried to provide more useful information by gathering investigations on solid surface, such as graphene, a counterpart of diamond. Research on graphene oxide (GO) may offer reasonable evidence that can support the chemical stability of epoxide structure on diamond surface to a certain extent. Considerable experimental characterizations including solid-state nuclear magnetic resonance indicated the existence of epoxide on graphene [9] [10] [11] [12] [13] [14] . Considering the chemical stability of epoxide on graphene, previous investigation used sodium ethoxide (NaOEt), one kind of strong nucleophile, to attack GO 9 . The nucleophilic attack was slow and only part of the epoxide rings would be opened. Moreover, the previous researches 9, 15 indicated that the oxygen layers on GO basal plane could prevent nucleophilic attack on carbon atoms, providing reliable reason for the chemical inactivity of the epoxide structures on GO. These experiment observations imply that the epoxide on diamond surface is unlikely to be opened by weak nucleophile at ambient conditions. Previous theoretical calculations reveal water and epoxide group formation from OH groups was exothermic by 0.45 eV and the energy barrier was 0.41 eV 11, 14 . Correspondingly, to generate OH group through reaction between water and epoxide, the energy barrier was about 0.9 eV, indicating that water attack epoxide group is unlikely occur at room temperature. Regarding diamond surface, the reaction energy barriers for water attacking epoxide group were calculated here by the Nudged Elastic Band (NEB) method [16] [17] . We considered two migration ways of water molecule to attack epoxide group as shown in Fig. S6 and S7 . To open the ring of epoxide, the reaction energy barriers are 0.99 eV and 0.88 eV for the two paths, respectively (see Fig. S8 ). Therefore, we speculate at least in ambient condition it is difficult to open the ring of epoxide for water. 
Photon collection efficiency
High efficient photon collection in NV center is indispensable for extensive application in sensitive sensing and quantum information processing. The optimal collection efficiency for NV center in nanopillars could be achieved when the emitting dipole is oriented perpendicularly to the pillar's axis, which can be realized on same aligned NV center and nanopillar along (111) axis. [18] [19] The selection of surface facet becomes an important issue, as shown in Fig. S9 . The crystal characteristics result in four possible crystallographic axes of NV centers: <11 1>, <1 11>, <111 > and <111>. For our (113) surface, a remarkable preferential orientation as high as 73% of NV center along <111> was observed. 20 We suspect that this small angle deviation from growth direction with high preferential orientation may achieve desirable photon collection efficiency. Figure S9 . The calculated angles between four orientation (<11 1>, <1 11>, <111 > and <111>) and magnetic field for (001), (011), (111), (112) and (113) surfaces. The white, blue and grey balls denote the vacancy, nitrogen atom, and carbon atom, respectively. The red line denotes the direction of magnetic field.
